Abstract-In this study, TanDEM-X full-polarimetric bistatic and monostatic imagery are exploited for maritime applications purposes. The Mueller matrix and the phase difference between co-polarized channels (CPD) are exploited to deal with both the monostatic and the bistatic scenes. Subtle differences are found between the Mueller matrix collected in bistatic/monostatic mode; while similar performance is achieved when the CPD is exploited.
I. INTRODUCTION
TanDEM-X opens a new era in space borne radar remote sensing since it is the first bistatic Synthetic Aperture Radar (SAR) mission. Although, primary mission objective is the generation of a consistent global digital elevation model (DEM) with an unprecedented accuracy, TanDEM-X provides a highly reconfigurable platform for the demonstration of new SAR techniques and applications. Bistatic SAR imaging provides additional observable for the extraction of important scene and target parameters. TanDEM-X allows for the simultaneous acquisition of bistatic and monostatic fullpolarimetric images in a single data take to obtain a highly informative set of multi-angle observations. In this study, this unprecedented amount of information will be exploited for maritime observation purposes, i.e. to observe ships and coastal areas. Experiments will be carried on actual TanDEM-X data collected in Gulf of Naples, Italy.
II. METHODOLOGY
A full-polarimetric SAR measures the scattering matrix associated to the observed scene:
where j is the imaginary unit, k is the electromagnetic wavenumber, r is the distance between the SAR antenna and the center of the imaged scene, and E s and E i are the complex Jones vectors describing the scattered and incident field, respectively. S is a 2 ⇥ 2 complex matrix that, when the linear {h, v} basis is adopted, is given by:
whose complex elements S pq , with p, q 2 {h, v}, are termed as scattering amplitudes. It is important to underline that, for a given frequency and viewing geometry, the scattering matrix depends only on the scattering properties of the observed scene [1] . Note that in the bistatic case, S hv 6 = S vh , while in the backscattering case and under backscatter alignment convention cross-polarized scattering amplitudes are equal. Eq.
(2) represents a first-order coherent scattering model which, relying on the Jones formalism, does not allow describing depolarizing phenomena.
The most powerful way to deal with polarimetric scattering from a distributed and depolarizing scene is to use the secondorder products of the scattering matrix [2] . Either an incoherent model, based on the Stokes formalism, or a coherent approach, based on the coherence T or covariance C matrices, can be used [1] . According to the Stokes formalism, the scattered field (described by the Stokes vector s s ) is related to the incident field s i by the 4 ⇥ 4 matrix M, that is termed as Mueller matrix:
M is a real and never symmetric matrix whose elements are ensemble averages of combinations of the scattering amplitudes [3] . The elements of M are given by: [3] :
where h·i is the ensemble average operator, ⇤ means complex conjugate and < and = stand for real and imaginary part,
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A second-order synthetic descriptor, widely used for classification purposes, is the co-polarized phase difference (CPD), i.e., the phase difference between the co-polarized scattering amplitudes [4] :
The standard deviation (std) of the CPD has been found to be closely related to the randomness of the scattering mechanism [5] ; with low (high) std being related to deterministic (random) mechanisms.
To detect metallic targets in a robust and effective way in [6] a metric was proposed that relies on the fact that, in the monostatic case, co-and cross-polarized channels are almost uncorrelated over natural scenarios due to reflection symmetry; while a non-negligible correlation applies when dealing with man-made metallic structures, e.g.; ships. This reasoning can be extended to the bistatic case where this symmetry condition implies that the correlation between co-and the sum between cross-polarized channels vanishes.
In this study, the capability of TanDEM-X to simultaneously collect imagery in both the monostatic (hereinafter active scene) and bistatic (hereinafter passive scene) configurations is exploited. The Mueller matrix and the CPD [7] are evaluated for both the active and passive scenes and results are intercompared.
III. EXPERIMENTS
In this section, some meaningful experiments related to the bistatic TanDEM-X acquisition of October 13rd, 2015 at 5:20 UTC in Gulf of Napoli, Napoli, Italy are presented and discussed. The incidence angle related to the center scene is 22.12 .
The 16 elements of the Mueller matrix related to the active scene are shown as graytone images in Fig. 1 . The area under investigation, which includes both land and sea with some metallic targets most likely due to ships, is an excerpt of the whole SAR scene. The image related to the element M 11 is shown in the top-left corner of Fig. 1 . This element is related to the SPAN and it clearly shows that both metallic targets and low backscatter areas are present in the area under investigation. The same format is used to show the elements of the Mueller matrix related to an excerpt of the passive scene, see Fig. 2 . It can be noted that differences apply between the two imagery that are mainly related to a different scattered intensity and a different weight played by cross-polarized channels. A zoomin version of the area under investigation (not shown to save space) shows that basically the scattered intensity related to the four channels is very similar for the active and passive scenes over large targets. Small targets tend to be less visible in the passive acquisition. This is likely due to the poorer signal-to-noise ratio that characterizes the passive scene.
The second experiments is related to the exploitation of the CPD, which is evaluated for both the active and the passive scenes. The histogram of the CPDs evaluated over a region of interest (ROI) related to free sea surface is shown in Fig. 3 . It can be noted that, as expected, they both follow a Gaussian bell whose standard deviation is quite small (less that 30 degree) over sea surface. This witnesses that sea surface is responsible for a single-reflection Bragg scattering in both the active and passive scenes. On the other side, a Gaussian bell characterized by a larger standard deviation is obtained when evaluating the histogram over a low backscatter area or over urban areas (not shown to save space). Following this rationale, the CPD std is evaluated over the active and passive scenes using a 5⇥5 moving window. Results related to the active and passive acquisitions are shown in Fig. 4 (a) and (b), respectively.
The third experiment is related to the exploitation of reflection symmetry property to discriminate metallic targets from the surrounding sea. Since sea surface represents a natural distributes scenario, a negligible correlation between co-and cross-polarized channels is expected; while the latter increases significantly when dealing with metallic targets. The binary map obtained using a threshold equal to 0.1 is shown in Fig. 5(a) . Note that land is also visible since the adopted metric is not normalized by the SPAN. The result obtained applying the metric (hh(vh hv)) in the bistatic case is shown in Fig. 5(b) . It can be noted that the bistatic case results in performance similar to the monostatic one.
IV. CONCLUSION
In this study full-polarimetric TanDEM-X scenes collected simultaneously in monostatic and bistatic mode are exploited for maritime applications. The Mueller matrix and the standard deviation of the co-polarized phase difference are evaluated over a scene that includes sea, land and metallic targets. CPD std is shown to exhibit similar performance when evaluated using the active and passive scenes; while subtle differences apply when analyzing the terms of the Mueller matrix showing the different sensitivity of combination involving co-and cross-polarized channels in the monostatic and bistatic modes. 
